Whole-cell patch-clamp recordings and immunocytochemical experiments were performed to determine the short-and longterm effects of lateral fluid percussion head injury on the perisomatic inhibitory control of dentate granule cells in the adult rat, with special reference to the development of traumainduced hyperexcitability. One week after the delivery of a single, moderate (2.0-2.2 atm) mechanical pressure wave to the neocortex, the feed-forward inhibitory control of dentate granule cell discharges was compromised, and the frequency of miniature IPSCs was decreased. Consistent with the electrophysiological data, the number of hilar parvalbumin (PV)-and cholecystokinin (CCK)-positive dentate interneurons supplying the inhibitory innervation of the perisomatic region of granule cells was decreased weeks and months after head injury. The initial injury to the hilar neurons took place instantaneously after the impact and did not require the recruitment of active physiological processes. Furthermore, the decrease in the number of PV-and CCK-positive hilar interneurons was similar to the decrease in the number of the AMPA-type glutamate receptor subunit 2/3-immunoreactive mossy cells, indicating that the pressure wave-transient causes injurious physical stretching and bending of most cells that are large and not tightly packed in a cell layer.
Postmortem examinations of head-injured patients often reveal selective damage to the hippocampus, frequently restricted to the dentate hilus ("end-folium sclerosis") (Margerison and Corsellis, 1966; Bruton, 1988) . Hilar cells play a central role in the regulation of the input-output f unctions of the dentate gyrus (Amaral, 1978; Buzsáki et al., 1983) , and the post-traumatic loss of these neurons is thought to be an important factor in the development of trauma-induced epilepsy, a disorder that affects a large percentage of head-injured patients (Annegers et al., 1980; Salazar et al., 1985) . However, little is known about the precise nature of the functional defects that underlie trauma-induced hyperexcitability in the limbic system.
The discharges of dentate granule cells are regulated by at least five types of GABAergic interneurons (Halasy and Somogyi, 1993; Han et al., 1993) . These distinct classes of GABAergic cells supply inhibitory innervation to spatially segregated parts of the granule cells, including the axon initial segment, soma, and proximal and distal dendrites. Basket and axo-axonic cells in the dentate gyrus play a central role in controlling the entorhinohippocampal interplay because these cells are activated by the perforant path in a feed-forward manner, and they evoke powerful inhibitory postsynaptic events by GABA released from their terminals located proximal to the action potential initiation site on granule cells (Halasy and Somogyi, 1993; Han et al., 1993) . Given the strategic location of the dentate gyrus in the limbic system, post-traumatic perturbation of the feed-forward, perisomatic inhibitory control of granule cell discharges is likely to be crucially important in the development of head injury-induced epilepsies.
This study was undertaken to test the hypothesis that moderate traumatic head injury leads to a severe disturbance of the feedforward, perisomatic, GABA A receptor-mediated inhibition of dentate granule cells. To achieve this aim, the fluid percussion model of head trauma was used (Dixon et al., 1989; , which involves the unilateral delivery of a single, brief (20 msec) pressure wave-transient to the exposed dura. At mild to moderate impact forces, there is minimal cortical injury, similar to that which occurs in humans after mild to moderate closed head injury. Fluid percussion injury leads to neurological and behavioral features similar to mild to moderate head injury in humans, including hyperexcitability and memory and motor deficits (Lyeth et al., 1988; Dixon et al., 1989; Lowenstein et al., 1992) . Specifically, we sought to answer the following questions.
(1) Is the feed-forward inhibitory control of granule cell discharges decreased after head injury? (2) Is there a post-traumatic decrease in the frequency of the miniature IPSCs (mIPSCs), indicating a perturbation of the perisomatic inhibitory synapses? (3) Is there a change in the amplitude and kinetics of mIPSCs after head injury? (4) Are there morphological correlates of damage to the basket and axo-axonic interneuronal populations in the dentate gyrus? (5) How fast does the injury from the pressure transient take place after the impact? The answers to these questions are important because they advance our knowledge of how perturbed hippocampal GABAergic inhibition de-velops and contributes to the hyperexcitable state of the posttraumatic corticolimbic system.
MATERIALS AND METHODS
Lateral fluid percussion injur y. The lateral fluid percussion technique was performed as described previously (Dixon et al., 1989; McIntosh et al., 1989; L owenstein et al., 1992) . Briefly, adult (200 gm) male Wistar rats were anesthetized with Nembutal (65 mg / kg, i.p.; adequate anesthesia was ascertained repeatedly by the lack of the ocular reflex and the absence of withdrawal response to a pinch of the hindlimb) and placed in a stereotaxic frame, and the scalp was sagittally incised. A 2 mm hole was trephined to the skull at Ϫ3 mm from bregma, 3.5 mm lateral from the sagittal suture. T wo steel screws were placed 1 mm rostral to bregma and 1 mm caudal to lambda. A L uer-L oc syringe hub with a 2.6 mm inside diameter was placed over the exposed dura and bonded to the skull with cyanoacrylate adhesive. Dental acrylic was poured around the injury tube and skull screws and allowed to harden, and the scalp was sutured. Bacitracin was applied to the wound, and the animal was returned to its home cage. One day later, the rats were anesthetized with halothane in a 2 l chamber. After the animal was anesthetized (surgical level of anesthesia was ascertained as described above), it was removed from the anesthetizing chamber and immediately connected to the injury device (see below). The establishment of the connection to the device took 5 sec, and the actual injury (release of the pendulum) took another 5 sec; therefore, the animal was f ully anesthetized at the time of injury, although the halothane anesthesia was not actively administered at that time. All animals were immediately ventilated with room air. The animals were injured either by a mild (1.4 -1.6 atm) or, in most cases, a moderate (2.0 -2.2 atm) impact. These mild and moderate levels of injury were selected to produce neuronal degeneration in the dentate gyrus similar to those reported previously (L owenstein et al., 1992) . Agematched, sham-operated control animals were treated the same way, including the connection to the fluid percussion injury device, but the pendulum (see below) was not released. The animals recovered f ully from anesthesia within 10 -15 min, and their subsequent behaviors, such as feeding and grooming, were normal. After survival periods of 1 week or 1-8 month(s), the animals were euthanized after deep Nembutal anesthesia either by decapitation for slice physiology or by transcardial perf usion of fixative for morphological studies (see below).
The fluid percussion device (Department of Biomedical Engineering, Virginia Commonwealth University, Richmond, Virginia) was identical to that used by several other laboratories (Cortez et al., 1989; Dixon et al., 1989; McIntosh et al., 1989; L owenstein et al., 1992; Povlishok et al., 1994; Prasad et al., 1994; Coulter et al., 1996) . Briefly, the device consisted of a Plexiglas cylinder reservoir 60 cm long and 4.5 cm in diameter. At one end of the cylinder a rubber-covered Plexiglas piston was mounted on O rings. The opposite end of the cylinder had an 8 cm long metal housing that contained a transducer. Fitted at the end of the metal housing was a 5 mm tube with a 2 mm inner diameter that terminated in a male L uer-L oc fitting. This fitting was then connected to the female fitting that had been chronically implanted. The entire system was filled with saline. The injury was produced by a metal pendulum that strikes the piston of the injury device. The resulting pressure pulse was recorded extracranially by a transducer and expressed in atmospheres pressure. This injury device injected a small volume of saline into the closed cranial cavity and produced a brief (20 msec) displacement and deformation of brain tissue. The magnitude of injury was controlled by varying the height from which the pendulum was released (in these experiments, it was 10 -13.5°, which produced 1.4 -2.2 atm pressure waves). It has been shown that the monitoring of blood pressures and arterial blood gases during and after fluid percussion injury showed no evidence of significant cardiorespiratory compromise in the injured animals (L owenstein et al., 1992) . The delivery of the pressure pulse was associated with brief (Ͻ120 -200 sec), transient traumatic unconsciousness (as assessed by the duration of the suppression of the righting reflex). Although the injured animals in this study, subjected only to mild or moderate impacts, did not exhibit any obvious lasting behavioral deficit or seizure activity, fluid percussion head injury, especially at higher impact forces, can lead to detectable motor and memory deficits that last for days (Lyeth et al., 1988; McIntosh et al., 1989; Povlishock et al., 1994) . Before and during each experiment, great care was taken to ensure that no air bubble was trapped or had formed in the device. Furthermore, in each experiment the pressure wave was closely examined on the oscilloscope for any sign of a jagged rising edge (which would indicate the presence of air bubbles in the system), and the amplitude of the oscilloscope reading of the pressure wave was recorded.
Slice preparation. Brain slices were prepared as described previously Staley et al., 1992; Soltesz and Mody, 1994) . The fluid percussion-injured and the sham-operated, age-matched rats were anesthetized with sodium pentobarbital (75 mg / kg, i.p.). Anesthetized rats were decapitated, and the brains were removed and cooled in 4°C oxygenated (95% O 2 /5% C O 2 ) artificial cerebral spinal fluid (AC SF) composed of (in mM): 126 NaC l, 2.5 KC l, 26 NaHC O 3 , 2 CaCl 2 , 2 MgC l 2 , 1.25 NaH 2 PO 4 , and 10 glucose. Horizontal brain slices (Staley et al., 1992) (450 m) were prepared with a vibratome tissue sectioner (Lancer Series 1000) from the midsection of the hippocampus (see text for rationale and details). This procedure yielded approximately six slices. The brain slices were sagittally bisected into two hemispheric components, and the ipsilateral slices were incubated submerged in 32°C AC SF for 1 hr in a holding chamber (the contralateral slices were not examined during the physiological experiments). T wo ipsilateral slices from each animal were transferred to fixative and later resectioned at 30 m and stained for Nissl substance.
Electrophysiolog y. Individual slices were transferred to a recording chamber Hollrigel et al., 1996 Hollrigel et al., , 1997 perf used with AC SF with or without bicuculline methiodide (BM I) (for the field recording experiments) or with AC SF containing 10 M 2-amino-5-phosphovaleric acid (APV), 5 M 6-cyano-7-nitroquinoxaline-2,3-dione (C NQX), and 1 M tetrodotoxin (TTX) (for the whole-cell patch-clamp experiments). The brain slices rested on filter paper and were stabilized with platinum wire weights. The tissue was continuously superf used with humidified 95%O 2 /5%C O 2 , and the temperature of the perf usion solution was maintained at 36°C. All salts were obtained from Fluka (Buchs, Switzerland). APV and C NQX were purchased from Tocris, BM I from Research Biochemicals International (Natick, M A), and TTX from C albiochem (La Jolla, CA).
Patch pipettes were pulled from borosilicate (KG-33) glass capillary tubing (1.5 mm outer diameter; Garner Glass) with a Narishige PP-83 two-stage electrode puller. Pipette solutions consisted of (in mM): 140 CsCl, 2 MgCl 2 , and 10 H EPES. "Blind" whole-cell recordings were obtained as described previously (Blanton et al., 1989; Staley et al., 1992) . Recordings were obtained with an Axopatch-200A amplifier (Axon Instruments, Foster C ity, CA) and digitized at 88 kHz (Neurocorder, NeuroData) before being stored in pulse code modulation form on videotape. The series resistance was monitored throughout the recordings, and the data were rejected if they increased beyond 15 M⍀. Field recordings of orthodromic population spikes in the granule cell layer of the dentate gyrus were conducted using patch pipettes filled with AC SF. To evoke the field responses, constant-current stimuli (10 A to 10 mA; 50 -200 sec) were applied at 0.1 Hz through a bipolar 90 m tungstenstimulating electrode placed in the perforant path, just outside the molecular layer at the junction of the dorsal blade and the crest. The field responses in the granule cell layer were measured at five predetermined points in each slice, including the tips of the dorsal and the ventral blades, the middle of the dorsal and ventral blades, and the middle of the crest, and the largest response was studied f urther.
Anal ysis. Recordings of mI PSC s were filtered at 3 kHz before digitization at 20 kHz by a personal computer for analysis, using Strathclyde Electrophysiology Software (courtesy of Dr. J. Dempster, University of Strathclyde) and Synapse software (courtesy of Dr. Y. De Koninck, McGill University). Detection of individual mI PSC s was performed with a software trigger described previously Soltesz et al., 1995) . All of the detected events were analyzed, and any noise that spuriously met trigger specifications was rejected. A least-squares Simplex-based algorithm was used to fit the ensemble average with the sum of two (one rising and one decaying) exponentials:
where I(t) is the mI PSC as a f unction of time (t), A is a constant, and r and D are the rise and decay time constants, respectively. As described before (CCK) and glutamate receptor subunit 2/3 (GluR2/3) immunocytochemistry]. The brain was removed and hemisected, and the ipsilateral hippocampus was dissected and put into fixative for an additional 2 d. Next, the hippocampus was straightened out and placed in a gelatin-based supporting block, and transverse 30-m-thick sections were cut on a vibratome. Every 20th section (i.e., at every 600 m) was collected in the wells of a tissue culture plate for immunocytochemistry, preserving the serial order of the sections, and in a separate tissue culture plate, every 21st section was collected for Nissl staining. In each immunocytochemical staining session, at least one fluid percussion-injured and one age-matched, sham-operated control rat were used, and the sections from the injured and the control rats were processed at the same time in the same wells. Sections from the injured and control animals were labeled by zero to three small cuts with the scalpel blade across the subicular region. This was necessary so that we could process four sections in a single well; on the basis of the number of small cuts, the sections could be separated later (the main advantage of this method is that the sections are processed in the same well, ruling out systematic differences between the treatment of the control and the fluid percussioninjured sections). The first and last two sections (i.e., ϳ1.2 mm from the ventral and dorsal tips) could not be used for quantitative counting of immunostained dentate neurons or Nissl-stained hilar cells because the granule cell layer and the hilus in these sections became difficult to delineate precisely. Therefore, with this method we could not examine the most dorsal and ventral tip of the hippocampus, and consequently we could not calculate with f ull confidence the total hilar cell loss for the whole hippocampus; however, this restriction is of no consequence for the experiments (see below).
The sections were washed in 0.1 M phosphate buffer, pH 7.4, and processed for Nissl staining or immunocytochemistry. For immunocytochemistry, sections were incubated in 10% normal goat serum (NGS; 45 min) and then in primary antisera against (1) PV (1:2000; courtesy of Dr. K . G. Baimbridge) (Baimbridge and Miller, 1982) , (2) SPR (1:1000; courtesy of Dr. R. Shigemoto) (Shigemoto et al., 1993; Acsády et al., 1997) , (3) CCK (1:5000) (Gulyás et al., 1990) , or (4) GluR2/3 (1:1000; Chemicon, Temecula, CA) (Leranth et al., 1996) for 1 (for PV) or 2 d (for SPR, CCK , and GluR2/3), followed by incubation in goat-anti-rabbit IgG (for PV, 1:100; for SPR, 1:200; for CCK and GluR2/3, 1:300; IC N Biochemicals, Costa Mesa, CA) for 6 hr, and then in peroxidase antiperoxidase complex (1:100, Dakopatts, Copenhagen, Denmark) overnight. The sections were washed 3 ϫ 30 min between each serum. All washing steps and dilution of antisera were performed in 50 mM Tris-buffered saline, pH 7.4, containing 1% NGS ϩ 0.5% Triton X-100.
After the immunocytochemical experiments, the sections were taken from the wells and separated into ipsilateral, contralateral, fluid percussion-injured, and control categories using the dissecting microscope. The sections were then mounted on gelatin-coated slides, dried, dehydrated, and covered with neutral medium and a coverslip. Next, the immunoreactive cell bodies in the hilus, granule cell layer, and molecular layer or the Nissl-stained hilar cells from each section were drawn using a camera lucida and counted [stained somata that came into focus while the counting investigator focused down through the slice (the dissector height) were counted (West et al., 1991) ; dissector height was the section thickness, and the total area under scrutiny (e.g., the hilus, the granule cell, or molecular layers) was counted (Buckmaster et al., 1996) ]. The hilus was defined as the area between the granule cell layer and the two lines connecting the two tips of the granule cell layer to the tip of the CA3c region. In the case of those cells that were situated at the border of the hilus and the granule cell layer, the cells were classified as hilar cells if more than half of their cell bodies were in the hilus.
For the silver stain, the procedure was similar to that described earlier (Gallyas et al., 1990 (Gallyas et al., , 1992a van den Pol and Gallyas, 1990) . Briefly, the animals were anesthetized with sodium pentobarbital and perf used with a fixative containing 4% paraformaldehyde and 2.5% glutaraldehyde. The brains were left in the skull overnight (Gallyas et al., 1990; van den Pol and Gallyas, 1990) , and the following day they were removed and post-fixed in the same fixative as described above. Sections were cut with a vibratome and placed in 50%, 75%, and 100% 1-propanol for 5 min each, and then in 1-propanol containing 0.8% sulf uric acid for 16 hr at 56°C. The sections were then rehydrated in 50% and 25% 1-propanol, washed in distilled water, and treated with 3% acetic acid for 5 min. Subsequently, the sections were placed in a silicotungstate physical developer (for the composition and preparation of the developer, see Gallyas et al., 1990 ; van den Pol and Gallyas, 1990 ) for 10 min, dehydrated, mounted on slides, and coverslipped.
RESULTS

Hilar cell loss after head injury
Lateral fluid percussion injury leads to a loss of neurons from the hilus of the dentate gyrus (Lowenstein et al., 1992) . In our system, moderate (2.0 -2.2 atm) impact caused a 58.7 Ϯ 1.8% cell loss (as determined by cell counts from Nissl-stained sections; see Materials and Methods) in the hilus of the dentate gyrus 1 month after injury, with respect to age-matched, sham-operated controls (mild impact with 1.4 -1.6 atm led to a 44.7 Ϯ 9.8% decrease, n ϭ 3; there was no difference between the decrease in the hilar cell numbers 1 week and 1 month after moderate impact). As noted by Schumate et al. (1995) , the ventral tip of the hippocampus exhibited a larger cell loss compared with the dorsal end; however, the middle 4.2 mm of the hippocampus displayed no significant variability in the degree of hilar cell loss along the septotemporal axis. Therefore, the immunocytochemical and electrophysiological data presented in this paper were obtained from the sections/slices originating from the same midsection of the ipsilateral hippocampus. For each animal used for either the immunocytochemical or the electrophysiological experiments, the degree of hilar cell loss was determined, and if it differed significantly from the value presented above, the data obtained from those animals were rejected (n ϭ 2).
Decreased feed-forward inhibition of dentate granule cells 1 week after fluid percussion head injury
The discharge of dentate granule cells is under tight inhibitory control by GABAergic interneurons (Buzsáki et al., 1983; Halasy and Somogyi, 1993; Han et al., 1993; . As described earlier, the population EPSPs evoked by single-shock stimulation of the entorhinal fibers in our slices in most cases does not lead to a population discharge, because of the prominent feed-forward activation of GABA A receptor-mediated inhibition (Hollrigel et al., 1996) . Similarly, in slices obtained from shamoperated, age-matched control animals (n ϭ 3), the amplitude of the population spike was small (Fig. 1 A) . In fact, in 66% of the slices, stimulation of the perforant path did not evoke a detectable population spike, even at intensities supramaximal for the population EPSPs. However, population spikes were readily observable in the same control slices when the GABA A receptor antagonist bicuculline (20 M) was included in the perfusate (Fig. 1 B) , indicating that strong feed-forward GABA A inhibition is responsible for the lack of a population discharge after activation of the perforant fiber afferents in control slices. In contrast to the small amplitude of the population spikes in control slices in control medium (i.e., without bicuculline), the amplitude of the population spike in slices from fluid percussion-injured animals (n ϭ 4) was significantly higher 1 week after impact (Fig. 1C) (also, in 83% of the slices from fluid percussion-injured animals, population discharges could be readily observed). The amplitude of the population EPSPs in response to low intensity stimulation (i.e., without the presence of population spikes, which would make exact comparison of the field EPSPs between control and injured slices difficult) was not different (control: 1.18 Ϯ 0.2 mV; fluid percussion injured: 0.88 Ϯ 0.2 mV). These field-response data indicate that head trauma leads to a prominent decrease in feed-forward GABA A receptor-mediated inhibition of granule cell discharges.
Decreased frequency of miniature IPSCs in granule cells 1 week after injury
Basket and axo-axonic cells are important in generating feedforward inhibition in the hippocampal formation (Buzsáki et al., 1983; Traub and Miles, 1991; Halasy and Somogyi, 1993; Buhl et al., 1994 Buhl et al., , 1995 Buckmaster and Schwartzkroin, 1995; Soltesz, 1995; Miles et al., 1996) . To determine whether the severe decrease in the ability of the feed-forward inhibitory system to control granule cell discharges is related to a f unctional decrease in perisomatic inhibition, whole-cell patch-clamp recordings of mIPSCs were performed in control and fluid percussion-injured animals. In dentate granule cells, the mIPSCs originate from synapses close to the soma , i.e., from the target region of the basket and axo-axonic cells. Therefore, a post-traumatic change in the frequency of mIPSCs would indicate a perturbation of the perisomatic inhibitory processes. Whole-cell patch-clamp recordings were performed on dentate granule cells from slices obtained from fluid percussion-injured and age-matched, sham-operated controls, with Cl Ϫ -filled patch pipettes (E C l ϭ 0 mV) at Ϫ60 mV, in voltage-clamp configuration (possible post-traumatic changes in the relationship between E C l , the resting membrane potential, and neuronal rhythms will be examined in a separate study). As shown in Figure 2 A,B, there was an increase in the inter-event interval (i.e., a decrease in frequency) of mIPSCs from dentate granule cells in slices from fluid percussion-injured animals compared with age-matched, sham-operated controls (mIPSC inter-event interval, 1 week after injury: 276.84 Ϯ 5.43 msec, n ϭ 18, range, 35.74 -690.27 msec; control: 195.62 Ϯ 5.43 msec, n ϭ 17, range, 66.84 -391.87 msec). However, we found no change in the amplitude (control: 56.9 Ϯ 2.8 pA; fluid percussion injured: 58.0 Ϯ 3.1 pA), rise time (control: 0.22 Ϯ 0.01 msec; fluid percussion injured: 0.26 Ϯ 0.02 msec) or decay time constants (control: 4.50 Ϯ 0.15 msec; fluid percussion injured: 4.67 Ϯ 0.17 msec; mIPSCs from both control and injured animals could be satisfactorily fitted by the sum of a single exponential rise and single exponential decay) of the mIPSCs recorded from granule cells in slices from control and fluid percussion-injured animals (Fig. 2C) . Taken together, these electrophysiological data indicate a functional disturbance of the feed-forward, perisomatic GABAergic inhibition after head trauma, without a significant postsynaptic change in the amplitude and kinetic properties of GABA A receptor-mediated synaptic events. Figure 1 . Decreased feed-forward inhibition of dentate granule cells 1 week after fluid percussion head injury. A, Field recordings of perforant path-evoked granule cell responses 1 week after moderate head injury in slices obtained from a fluid percussion-injured (FPI ) and an age-matched, sham-operated control animal, at three intensities of stimulation (low, 500 A; medium, 2 mA; high, 6 mA). The responses recorded in the slice from the fluid percussion-injured animal show population discharge, indicating a decreased ability of the interneuronal network to control the feed-forward activation of granule cells. Note that the EPSPs at lower intensities of stimulation were not statistically different. B, In the presence of the GABA A receptor antagonist bicuculline (BMI ), population spikes can be observed in control slices, indicating that the absence of population spikes in control ACSF in control slices is attributable to the powerf ul feed-forward activation of interneurons inhibiting granule cell discharges via GABA A receptors. C, Summary of data obtained in control medium (as shown in A). Note that the amplitude of the population spike in the slices from fluid percussion-injured animals was larger than in control. 
Decreased number of PV-and CCK-immunoreactive hilar cells 1 week after fluid percussion injury
The perisomatic inhibitory control of dentate granule cells is provided by the nonoverlapping populations of PV-or CCKimmunoreactive interneurons (i.e., basket and axo-axonic cells) (Soriano et al., 1990; Freund and Buzsáki, 1996) . Immunocytochemical experiments determined that there was a 67.1 Ϯ 4.6% reduction in the number of PV-immunoreactive hilar cells in the ipsilateral dentate gyrus 1 week after fluid percussion injury (Figs.  3, 4) (n ϭ 6) . By contrast, the number of PV-positive cells in the ipsilateral granule cell layer was not decreased (115.3 Ϯ 10.6% of control); also, there was no significant decrease in the number of the relatively few PV-positive cells that can be found in the molecular layer (Fig. 4 A) . In addition to the decrease in the number of PV-immunoreactive hilar cells, there was a prominent reduction in the density of PV-positive axonal processes in and immediately adjacent to the granule cell layer (Fig. 3) . Similar to the PV-positive basket and axo-axonic cells, the number of the numerically less significant CCK-positive interneuronal population (Leranth and Frotscher, 1986; Freund and Buzsáki, 1996) was decreased by 55.7 Ϯ 5.6% in the hilus (Fig. 4 B) (n ϭ 3 animals) with respect to age-matched, sham-operated controls 1 week after impact, without a change in the number of those CCK-positive basket cells that were located in the granule cell layer (115.4 Ϯ 16.9% of control).
These immunocytochemical observations regarding the decrease in the number of PV-and CCK-immunoreactive cells in the dentate hilus 1 week after head trauma provided the morphological correlates of the field and patch-clamp data indicating the disturbance of perisomatic, feed-forward inhibitory functions in the dentate gyrus after head injury, and they also suggested that the basket and axo-axonic cell populations in the hilus and the granule cell layer may be differentially affected by traumatic head injury. The lack of a post-traumatic decrease in the number of PV-and CCK-positive cells in the granule cell layer, together with the fact that there was no obvious change in the immunoreactivity of those PV-and CCK-positive cell populations that resided in the CA1 or subicular regions, indicated that the decreased number of PV-and CCK-positive cells in the dentate hilus is not related to a general loss of immunoreactivity from the fluid percussion-injured tissue. Furthermore, we found no additional change (decrease or a reversal of the decrease) in the number of PV-immunoreactive hilar cells 1 month versus 1 week after injury (1 week: 67.1 Ϯ 4.6% decrease; 1 month: 73.7 Ϯ 6.1% decrease; n ϭ 3 animals). In fact, no reversal of the decrease in the number of hilar PV-positive cells could be detected even 8 months after injury in a pair of fluid percussion-injured and age-matched control animals, which showed a 74.2% decrease in the number of PV-immunoreactive hilar cells. Similarly, there was no difference between the number of PV-immunoreactive cells 1 month after injury in the granule cell layer (95.2 Ϯ 12.4% of control), compared with either control or the 1-week injury group (see above). Also, the decreases in the CCK-immunoreactive cells in the hilus showed no change between 1 week and 1 month postinjury time points [1 month after injury (n ϭ 5 animals): 57.4 Ϯ 6.7%, compared with 55.7 Ϯ 5.6% 1 week after impact].
The decrease in the number of PV-and CCK-positive hilar cells is similar to the decrease in the number of GluR2/3-positive hilar mossy cells
The close similarity between the percentage decreases in the PVand CCK-immunoreactive hilar cell populations was surprising, because these two interneuronal groups are nonoverlapping, and recent results indicate that they may also have different target specificities (e.g., the hilar axon collaterals of CCK-positive basket cells may exclusively target mossy cells) (Leranth and Frotscher, 1986; Freund and Buzsáki, 1996 ; L. Acsády, personal communication). The average loss of hilar cells, as determined from Nissl stains (58.7 Ϯ 1.8%), was certainly comparable to the percentage decrease in the number of PV-(67.1 Ϯ 4.6%) and CCK-positive (55.7 Ϯ 5.6%) hilar neurons (Fig. 4 B) . To compare the decrease in the number of the PV-and CCK-immunoreactive cells with the cell population that is considered to be among the most vulnerable in the entire brain, the hilar mossy cells, we performed additional immunocytochemical experiments using an antibody raised against GluR2/3, which labels hilar mossy cells but not hilar GABAergic neurons (Leranth et al., 1996) . Although there was a considerable decrease in the number of GluR2/3 immunoreactive cells 1 week after injury (Fig. 5) , the percentage decrease (64.6 Ϯ 4.1%) was not statistically different from the values reported above for either the PV-or CCK-positive hilar cells (Fig. 4 B) (note that for each animal for all the immunocytochemical experiments, the hilar cell loss, verified from Nissl-stained sections, was not statistically different). Indeed, the percentage decrease in the number of GluR2/3-positive hilar cells was similar to the average decrease in hilar cell number, as determined from Nisslstained sections ( Fig. 4 B) ; the decrease in the number of GluR2/3 immunoreactive hilar cells 1 month after injury (n ϭ 3 animals; 56.6 Ϯ 2.6% decrease) was similar to the decrease observed 1 week after impact. These data led us to formulate the hypothesis (which we will refer to as the "pressure wave" hypothesis) that the mechanical pressure wave, unlike any other forms of insult, may impact most hilar cells in a similar manner, via the physical stretching and bending of the processes of these neurons, which are large and not tightly packed in a cell layer.
Mechanical pressure wave-induced immediate injury to neurons in the dentate gyrus
If the above "pressure wave" hypothesis were true, one would expect that the pressure wave-induced damage would be immediate; i.e., if the similar perturbations observed in the PV, CCK, and GluR2/3 neuronal populations in the hilus were attributable to the physical stretching and bending of the neuronal processes, the injury would take place during the pressure transient triggered by the impact; by contrast, injury attributable to some "biological" process, e.g., by the impact-induced increase in glutamate release, etc., would require some time after the impact. It was not feasible to test this hypothesis using either electrophysiological or immunocytochemical methods; e.g., it takes time to cut slices and establish whole-cell recordings, and protein levels in the injured cells are unlikely to change in an immediate manner after the passing through of the pressure wave. However, the Gallyas silver stain (Gallyas et al., 1990 (Gallyas et al., , 1992a van den Pol and Gallyas, 1990) can be used to detect injury to neuronal processes that occur quickly after the insult. The principle of the stain is thought to be related to neuronal polymeric cytoskeletal elements breaking during the insult, exposing charges from the monomers that may trigger the process of silver accumulation, in a manner reminiscent of the intensification process during photography (Gallyas et al., 1992c) ; obviously, although this silver stain is ideal for the identification of injured or stressed neurons in a rapid manner, it is not designed to determine whether the labeled neuron will or will not survive the initial injury (see below). Indeed, this method has been shown to reveal injured neurons immediately after direct physical damage to neurons (van den Pol and Gallyas, 1990; Gallyas et al., 1992a) . Therefore, we used the Gallyas silver stain to determine whether the hilar cells are injured in an immediate manner after fluid percussion head trauma and whether the immediate injury is selective to hilar neurons compared with the granule cells, which are smaller and tightly packed in a cell layer. As illustrated in Figure 6 A,C, numerous hilar cells appeared darkly stained when the animals (n ϭ 3) were fixed immediately after the impact (it took 50 -60 sec to quickly open the thoracic cavity and begin the transcardial administration of the fixative after the delivery of the fluid percussion injury). By contrast, granule cells in the dentate gyrus appeared to be unstained (Fig. 6 A,C) . Similarly, control animals (n ϭ 3) (Fig. 6 B) showed no darkly stained neurons in the hilus. Unexpectedly, although dentate granule cells appeared to be unstained, large, pyramidal-shaped basket-like cells in the granule cell layer were revealed by the silver stain (Figs. 6C,D) , presumably because large cells may be more susceptible to the direct mechanical pressure wave-induced injury, even if they are in cell layers in which they are surrounded by small, tightly packed cells such as the dentate granule cells. Although these results were compatible with the "pressure wave" hypothesis, a concern remained that during the ϳ1 min delay between the impact and the beginning of the administration of the fixative, there could be some physiological process that may have contributed to the neuronal damage. Therefore, we took advantage of the fact that the Gallyas stain does not require the presence of living cells to reveal physical damage (van den Pol and Gallyas, 1990; Gallyas et al., 1992b ,c), and we performed fluid percussion injury on animals Figure 4 . Head injury-induced alterations in the interneuronal circuitry of the dentate gyrus. A, Fluid percussion injury causes a significant decrease in the number of parvalbumin (PV )-immunostained cells in the hilus, without a change in the number of PV-positive cells in the granule cell and molecular layers, 1 week after impact, compared with agematched, sham-operated controls. B, Percentage decrease in the number of PV-, CCK-, and GluR2/3-positive cells in the hilus of the dentate gyrus (in each case, with respect to age-matched, sham-operated controls). Note that the post-traumatic percentage decrease in the number of PV-and CCK-positive cells in the hilus is similar to the decrease in the number of GluR2/3-immunostained mossy cells (one of the most injury-sensitive cell types in the entire brain in various models of epilepsy and ischemia), as well as to the average decrease in the total number of hilar cells (as determined from Nissl-stained sections). Figure 5 . Decrease in the number of the GluR2/3-immunoreactive mossy hilar cells after fluid percussion injury. A, GluR2/3 immunostaining shows numerous mossy cells (Leranth et al., 1996) in the hilus of the dentate gyrus of an age-matched, sham-operated control animal. B, The number of GluR2/3-immunostained cells in the hilus is decreased 1 week after head injury. Magnification: 90ϫ. H, Hilus; GCL, granule cell layer. Figure 6 . The trauma-induced perturbation of the dentate interneuronal network is immediate and does not require the recruitment of active physiological processes. A, C, Silver staining in an animal that was transcardially fixed immediately after fluid percussion injury. Note the presence of numerous darkly stained cells in the dentate hilus and also a subset of the darkly stained cells (interneurons, see below) in the granule cell layer. Note the lack of staining of CA1 neurons (in A) and granule cells (e.g., in C). B, Sections from age-matched, sham-operated control animals remained unstained. C, D, The cells that appeared darkly stained in the granule cell layer after fluid percussion injury had large and most often pyramidal-shaped somata, indicating that these cells were basket cells. E, F, The pattern of silver-stained cells in the hilus and the granule cell layer was essentially unchanged when fluid percussion injury was performed in animals that were prefixed with a fixative solution, indicating that the initial mechanical injury to dentate interneurons does not require the active recruitment of physiological processes. Magnifications: A-C, 125ϫ; D, 500ϫ; E, F, 190ϫ; F, 430ϫ . H, Hilus; GCL, granule cell layer; F, fissure.
(n ϭ 3) that were fixed via transcardial administration of the fixative before impact. As shown in Figure 6 E,F, even in these prefixed animals, hilar cells and the large, basket-like cells in the granule cell layer appeared darkly silver-stained, whereas the granule cells remained unstained. Similarly, in control animals we found no darkly stained hilar cells or large basket-like cells in the granule cell layer (n ϭ 3) (Fig. 6G) . To f urther reduce the probability that some biological event contributed to the observed injury pattern, these latter experiments were also repeated in animals (n ϭ 3) that were prefixed with chilled (4 -8°C) fixative containing in addition to glutaraldehyde the broad-spectrum glutamate receptor blocker kynurenate (1 mM). Before the administration of this fixative, the animals were also perf used for 5 min with a chilled saline solution containing kynurenate. Similar to the nonfixed and prefixed cases, the animals that were prefixed with a chilled fixative containing kynurenate still showed specific labeling in the hilus and of the large cells in the granule cell layer (not shown), whereas the granule cells themselves appeared unstained. These results, together with those of the immunocytochemical experiments, suggest that the purely physical stretching, compressing, and bending action of the mechanical pressure wave on the large dentate neurons during impact is likely to be an important factor in determining the pattern of neuronal disturbance that is manifested in the post-traumatic development of hyperexcitability.
Modification of the initial, "physical" injury pattern at later time points
The presence of darkly silver-stained, large, pyramidal-shaped basket-like cells in the granule cell layer after fluid percussion injury suggested that the initial impact, most likely caused by the physical stresses exerted on the neuronal profiles by the pressure wave, may be subsequently modified by other factors, because the number of PV-and CCK-positive cells that were situated in the granule cell layer did not change 1 week after injury (see above). However, although the PV-and CCK-positive interneurons together provide all the known perisomatic GABAergic input to the dentate granule cells, they constitute only ϳ70% of the total nongranule cell population residing within the granule cell layer (Freund and Buzsáki, 1996) . Therefore, the possibility remained that the silver stain revealed immediate injury exclusively to the non-PV and non-CCK-positive basket cells in the granule cell layer, which may disappear after the fluid percussion injury. A recent study (Acsády et al., 1997) has shown that immunostaining using an antibody raised against the SPR constitutes a specific marker for virtually all basket cell populations in the granule cell layer, including the PV-, CCK-, vasoactive intestinal polypeptide-, and neuropeptide-Y-positive cells. Because several dentate interneurons, including basket cells, are long-range projection cells, GABA or glutamic acid decarboxylase (GAD) immunocytochemistry cannot be used for these experiments, because of the low and variable levels of GABA and GAD immunoreactivity present in GABAergic cells with distant projections. Colchicine injections can enhance the staining, but the interpretation of any quantitative data obtained from the colchicine-treated animals would be difficult (Ribak et al., 1986; Miettinen et al., 1992; Tóth et al., 1993; Freund and Buzsáki, 1996) . Therefore, we used the SPR antibody (courtesy of Dr. Shigemoto) to ascertain the posttraumatic status of the non-PV-and non-CCK-positive interneurons in the granule cell layer. As reported before (Acsády et al., 1997) and as shown in Figure 7A , SPR immunocytochemistry reveals a dense pattern of a darkly stained meshwork of cells and Figure 7 . SPR immunostaining is severely decreased in the hilus, but the number of SPR-immunostained cells remains unchanged in the granule cell layer. A, SPR immunostaining shows a dense meshwork of GABAergic cells (curved arrows) and processes (Acsády et al., 1997) in the dentate hilus in a section from an age-matched, sham-operated control, and the presence of pyramidal-shaped cells (straight arrows) in the granule cell layer. B, After fluid percussion injury, the density of SPR-positive cells and processes is greatly decreased in the hilus, indicating a disturbance of the GABAergic hilar network. However, the pyramidal-shaped interneurons can still be observed in the granule cell layer (arrows). Magnification: 450ϫ. H, Hilus; GCL, granule cell layer. dendrites in the hilus that belongs to GABAergic neurons. There was a prominent reduction of the SPR-positive profiles in the hilus 1 month after injury (n ϭ 3 animals) (Fig. 7B ) compared with age-matched, sham-operated controls (Fig. 7A) . Quantification of the changes in SPR-positive hilar cells was made difficult by the fact that the staining in control slices is very dense in the hilus, because this antibody reveals the dendritic and somatic processes of several subclasses of hilar GABAergic neurons (Acsády et al., 1997) . The reduction of the SPR-staining in the hilus after fluid percussion injury, together with the reduction in the number of various markers for hilar GABAergic cells [see above; also, there is a reduction of somatostatin-positive hilar cells after fluid percussion injury (L owenstein et al., 1992) ], further suggested that a long-lasting disturbance of the GABAergic hilar interneuronal network takes place after head injury. Unlike the SPR-immunostained cell bodies in the hilus, it was possible to quantif y the number of SPR-positive cells that were situated in the granule cell layer. These experiments revealed that 1 month after fluid percussion injury, the SPR-positive cells in the granule cell layer appeared largely unchanged (91.16 Ϯ 4.5% of control; n ϭ 3). These results suggest that most of the large, pyramidalshaped basket-like cells in the granule cell layer, observed in the Gallyas-stained material immediately after head injury, survive the initial injury. Therefore, the initial "physical" injury pattern is modified at later time points, most likely by biological factors (e.g., the density of mossy fiber innervation, postsynaptic glutamate receptors, the capacity to effectively buffer intracellular calcium rises, and the loss of target structures).
DISCUSSION
The main findings of this paper are that (1) the feed-forward inhibitory control of granule cell discharges, the frequency of mIPSC s, and the density of PV-positive fibers in the granule cell layer are decreased after head injury; (2) the amplitude and kinetics of mI PSC s in granule cells are not changed after trauma; (3) trauma affects the PV-and CCK-positive hilar cell populations more than those that reside in the granule cell layers; (4) injury to the hilar neurons takes place instantaneously after the impact; and (5) the initial physical stress does not require the recruitment of active physiological processes.
Traumatic injury to the feed-forward, perisomatic inhibitory control of dentate granule cells
The association between head trauma and the development of temporal lobe epilepsy is well established (Jennet, 1975) . Hilar neurons are selectively vulnerable to head trauma, a fact that has been suggested to be causally linked to limbic hyperexcitability (Lowenstein et al., 1992) . In particular, the perisomatic inhibitory control of dentate granule cells is likely to be crucial in regulating the gating f unction of the dentate gyrus in the post-traumatic entorhinohippocampal system. Therefore, although the data presented in this paper, together with previous results (Lowenstein et al., 1992) , demonstrate that a single, moderate mechanical pressure wave, delivered epidurally at a relatively remote location, impacts virtually the entire hilar interneuronal network, the pattern of damage to the dentate basket and axo-axonic cells is likely to be especially significant for the ability of the dentate gyrus to effectively regulate the spread of excitability from the entorhinal cortex to the hippocampus. Basket and axo-axonic cells are in a strategically unique position within the network to regulate the transmission of activity from the entorhinal cortex to the rest of the hippocampal formation, because (1) these cells receive direct entorhinal input onto their dendrites in the molecular layer, (2) they are fast-spiking interneurons with an extremely low threshold for entorhinal activation, and (3) they release GABA precisely onto those regions of granule cells that are the most crucial for action potential generation, i.e., the perisomatic region, including the axon initial segment (Buzsáki et al., 1983; Halasy and Somogyi, 1993; Kneisler and Dingledine, 1995; Soltesz, 1995; Deller et al., 1996; Freund and Buzsáki, 1996) . By contrast, somatostatin-positive hilar cells, another important GABAergic cell population known to be affected by the pressure wave-transient (Lowenstein et al., 1992) , do not have dendrites in the molecular layer, and their axons innervate the most distal dendritic regions of granule cells (i.e., these cells do not take part in the feed-forward control of granule cells; however, via their mossy fiber inputs, they play an important role in feedback regulation of dendritic excitability) (Freund and Buzsáki, 1996) .
Patterns of immediate damage to hippocampal neuronal networks in head trauma
A major finding in this paper is that the pressure wave causes physical damage to hilar cells and to those pyramidal-shaped basket cells that are located in the granule cell layer in an immediate manner, and that this injury does not require the recruitment of active physiological processes (because the same pattern of damage is evoked in cooled, fixed animals loaded with glutamate receptor antagonists). Importantly, the data demonstrate that the pattern of physical injury is selective (e.g., hilar cells but not the neighboring granule cells are affected) even after fixation, indicating that the mechanical pressure wave preferentially impacts large cells and/or cells that are not tightly packed in a cell layer. Smaller cells with less extensive processes are likely to be subjected to smaller pressure differences (i.e., stretching and bending) during the passage of the pressure wave-transient (the preferential sensitivity of large, unsupported objects to breakage from traveling pressure waves is well known in seismology, e.g., Bolt, 1993 ; smaller objects can simply rise and fall during the waves without sustaining extensive stretching and bending). This principle may explain the initial injury to hilar cells and to large neurons located in the granule cell layer, whereas the small, tightly packed granule cells may suffer relatively little physical stress during the pressure pulse. Differences in cytoskeletal structures may also contribute to the pattern of damage after impact. Although this paper concentrated on the dentate gyrus, it is interesting to note that some of the relatively loosely packed CA3c cells were occasionally observed to be darkly stained by the Gallyas method after impact [indeed, CA3c cells may suffer some small degree of cell loss in fluid percussion injury (Coulter et al., 1996) ], and some large cells with extensive dendritic arbors were also silver-stained in the lacunosum-moleculare of CA1 region. By contrast, CA1 pyramidal cells did not appear to be damaged by the pressure wave, indicating that large cells tightly packed in a cell layer with other cells of similar size (i.e., unlike the basket cells in the granule cell layer; the similar size is likely to help to evenly distribute the physical strain during the passage of the pressure wave) are relatively resistant to this type of mechanical insult.
Location-specific vulnerability of basket and axo-axonic cells
The perisomatic inhibitory input to dentate granule cells arises from the nonoverlapping populations of PV-or CCK-positive interneurons. Interestingly, data in this paper indicate that both of these nonoverlapping interneuronal populations showed preferential injury (as seen by the decrease in the number of PV-and CCK-positive cell bodies) when their somata were located in the hilus, although basket cell-like neurons in the granule cell layer also appeared to be affected by the initial impact. The reason for this location-specific injury sensitivity is not known at present. It is possible that interneurons located in the dentate hilus receive a more significant mossy fiber input than those in the granule cell layer, which may induce larger excitotoxic damage [significantly, both the NMDA and the AM PA receptors expressed in dentate basket cells are highly C a 2ϩ -permeable (Koh et al., 1995) ]. A similar difference between the injury sensitivity of the PVpositive cells in the hilus versus those in the granule cell layer has been reported after sustained stimulation of the perforant path, and after pilocarpine-induced seizures as well (Sloviter, 1991; Obenaus et al., 1993) . Therefore, it will be of great interest in future studies to determine whether location-specific physiological differences exist between the basket and axo-axonic cells in the dentate gyrus. It should also be pointed out that the tightly packed granule cell layer may offer some degree of physical protection against the traveling wave to large cells within the layer, i.e., although basket cell-like neurons were labeled by the silver stain in the granule cell layer immediately after impact, these cells may have suffered less stretching and bending than their counterparts that resided in the hilus. In any case, the differential post-traumatic decrease in the number of PV-and CCK-positive cells in the hilus versus the granule cell layer is likely to be a f undamentally important feature of the posttraumatic corticolimbic system.
Implications for post-traumatic epilepsy
Two million people suffer traumatic brain injury in the United States annually, and brain trauma is the leading cause of death and disability among young adults (Grahm et al., 1990; Harrison and Dijkers, 1992; LeRoux and Grady, 1995) . Of head trauma survivors, 10 -15% develop post-traumatic epilepsy, and after penetrating injuries this number rises to 53% (Salazar et al., 1985; Salazar, 1992) . Indeed, head injury is an important contributing etiology of remote symptomatic epilepsy (Annegers et al., 1980) . Post-traumatic epilepsies (most often complex partial seizures) are frequently accompanied by neuropathological changes in the limbic cortex and the temporal lobe (Gualtieri and Cox, 1991) ; f urthermore, head trauma frequently leads to disturbances of memory, which may also be related to perturbations within hippocampal circuits (Binder, 1986; Rempel-C lower et al., 1996) . The fluid percussion model has been rapidly gaining popularity, because it replicates various histological, behavioral, and cognitive consequences of concussive trauma (L owenstein et al., 1992) . Although the incidence of epilepsy is higher after penetrating head injuries compared with concussive, closed head injuries, pressure waves are major factors in several types of penetrating head injuries as well; e.g., when a high-speed bullet enters the head, it generates shock waves spreading in front of the bullet, resulting in damage remote from the missile tract (Leroux and Winn, 1995) . In vitro kindling experiments showed that fluid percussion-injured slices generate self-sustaining epileptiform activity with a lowered threshold compared with controls, and the site of enhanced epileptogenesis was located primarily in the dentate gyrus, not in CA1 (Coulter et al., 1996) . The CA1 region seems to be relatively resistant to the immediate effects of the pressure wave, and the most prominent post-traumatic cell loss occurs in the hilus (Lowenstein et al., 1992; Coulter et al., 1996) . The results presented here demonstrate for the first time that the perisomatic inhibitory system of the dentate gyrus is perturbed after head trauma. The findings indicate that a substantial portion of the dentate interneuronal network, especially those interneurons that reside in the granule cell layer, seem to preferentially recover from the initial shock wave-induced injury. Therefore, future efforts to enhance post-traumatic resistance against hyperexcitability and increase functional recovery may target these interneurons.
